The ability of liquid crystals (LCs) to change orientational order is used in applications, ranging from sensors to displays. The aim of this work is to computationally investigate how surfactant adsorption on cylindrical LC bridges can be used to control such orientational order. Building from classical fundamental lessons, understanding the ordering of mesogens along a preferred axis with the help of molecular modelling contributes to investigations of systems that could be a platform for LC-based sensing applications. The coarse-grained dissipative particle dynamics (DPD) simulation method is implemented here, because it allows us to quantify the effect of molecular features on the properties of meso-scopic systems containing LC bridges, an aqueous solvent, and surfactants at various concentrations. Three surfactant types are modelled with short, medium, and long tail lengths, respectively. All surfactants adsorb at the LC-water interface. It is found that the length of the surfactant hydrophobic tail determines the effectiveness by which the LC order is affected. Short tails are not as effective as long ones. Surfactants with long tails affect the LC order, but, in agreement with experiments, predominantly only within a short distance from the LC-water interface. For these surfactants, the surface density at the LC-water interface is an important knob that can be used to control the order of the LCs. As the effective LC-surfactant interactions change, so does the distribution of the surfactants at the interface. Consistent with theoretical expectations, the results presented here elucidate the effect of molecular features on the anchoring mechanism between surfactants and mesogens within cylindrical bridges dispersed in aqueous systems and could be helpful for designing novel surface-active compounds in the development of advanced sensing devices based on LCs. † Electronic supplementary information (ESI) available: Molecular composition for all systems simulated in this work. Pressure of selected simulated systems as a function of simulation time. The volume of the box for the system simulated within the NPT ensemble. Orientational order parameters (S) of LC molecules when different surfactants are adsorbed on the surface with S head /S tail = (a) 3/5, (b) 7/5, and (c) 5/7 at 0.7k B T. Configurations of LC and 1000 surfactant molecules with S head /S tail = (a) 3/5, (b) 7/5, and (c) 5/7 at 0.7k B T. Orientational order as a function of position within the LC cylinder covered by 1000 surfactant molecules. See
Introduction
Liquid crystals (LCs) continue to receive significant attention due to their tunable orientation. LCs can be used in various applications such as optoelectronics devices and biosensors. LCs are mesophases, between crystalline solids and isotropic liquids. 1 In general terms, LCs are classified in two categories: lyotropic and thermotropic. At high temperatures, thermotropic LCs exhibit isotropic liquid phases, with no positional or orientational order. As the temperature decreases, the phase changes from isotropic to nematic. The nematic phase is the most common phase of LCs, in which LCs exhibit an orientational order. As the temperature is lowered further, LCs yield smectic phases with both orientational and positional ordering; the solid crystalline phase is obtained at very low temperatures. 1, 2 Applications in which LCs are utilized build on the ability of controlling the orientation of mesogens with respect to a direction vector. Controlled alignment enables the potential applications of LCs in optical devices. 3 To advance applications such as sensing and displays, it is required to detect and control, respectively, changes in LCs' order due to external stimuli. To control LCs' order, it is possible to use light, 4-6 temperature, 7 or adding amphiphiles to systems in which LC-solvent interfaces are present. 3, 8 One example of the latter approach is provided by the interface between thermotropic LCs and immiscible aqueous phases. 9 For such systems, one fundamental question of wide interest concerns how mesogens anchor at the LC-water interface, in the presence or absence of surfactants. Recently, De Pablo and co-workers illustrated that the transport of water through a LC assembly can also affect anchoring. 10 We are here interested in the effect of surfactants. Because surfactants adsorb at interfaces, they could affect the LCs' anchoring. Anchoring between LCs and other molecules in an aqueous media can be used to manipulate the direction profile of LCs. Both experimental and computational studies investigated how the transition from a planar to homeotropic orientation takes place by adding surfactants. Haseloh et al. conducted dispersion polymerization experiments and found that surface anchoring is strongly dependent on the type of the mesogens and stabilizers. 11 Amundson and Srinivasarao reported that the appropriate choice of polymer side groups in polymer-dispersed liquid crystal (PDLC) films enables to control anchoring without using additives. 12 Their results also show that the anchoring transition temperature decreases as the chain length decreases.
LCs' aggregates such as spherical droplets, [13] [14] [15] [16] [17] [18] [19] [20] flat surfaces 9, 12, [21] [22] [23] [24] [25] or cylindrical formations (capillaries and bridges) [26] [27] [28] [29] [30] have been investigated. Kim et al. quantified the optical, structural and topological features of tetrapodes assembled in flat layers, round capillaries and spherical droplets; the results for round capillaries revealed different textures depending on the inner diameter and system temperature. 28 In the experimental observations, two tubes having 50 mm and 150 mm inner diameters were used; it was reported that LCs within narrow capillary tubes exhibit defects below a transition temperature, whereas LCs within the wider capillary tubes preserve smooth texture. Williams et al., investigated capillary tubes filled with nematic LCs to study topological singularities, and reported that orientation of LC molecules is sensitive to surface conditions. 31 The same group also demonstrated how to tune nematic director fields using surface-alignment agents in cylindrical capillary tubes. 32 It was found that the minimum energy corresponds to a nematic phase with perpendicular anchoring, with the LCs at the core of the cylindrical structure showing orientation parallel to the cylinder axis. 33 Using experiments 34 and theoretical calculations, 35 Meyer showed that external stimuli can affect the topological singularity. It should be noted that theoretical calculations such as those reported by Meyer are based on continuum mechanics, and are effective in identifying the macroscopic properties of matter; on the other hand, molecular simulations can provide complimentary information, as they allow investigators to probe how the structure and dynamics of individual molecules depend on their interactions with the surroundings.
In a recent study, Busch et al. concluded that a thermal-history independent phase behaviour of ferroelectric LC 2MBOCBC can be achieved by using polymer coated walls in cylindrical nanopores. 36 The pioneering studies concerning nematic LC alignment in cylindrical structures focused on homeotropic anchoring, and defined the escaped radial structure (ER). 37 ER is the shift of direction vector from parallel to perpendicular with respect to the cylindrical axis due to the presence of external structures, such as a cylindrical confining wall or surface agents. 32 Later, Ondris-Crawford et al. showed that the strength of interactions, i.e., surface coupling, between the cavity wall and the LC molecules increases with the length of LC molecules. 37 Recently, Ellis et al. investigated topological defects on waistlike and barrel-like bridges with respect to their aspect ratios. 27 They concluded that the aspect ratio determines ring and point defects. Their observations elucidated the role of shape and elasticity in dictating the LC structure in confined homeotropic nematic phases.
This brief overview demonstrates the importance of understanding LCs' anchoring. In short, molecules at the LC/water interface contribute to orient the mesogens, starting from the interface, but also within inner regions, and eventually across the whole LC structure system. 25 Simulations, in which the effective attraction between surfactant tails and LCs was increased systematically, 24, 25 have been conducted to better understand this observation.
Our understanding of LC structures builds from continuum theoretical calculations, 35, 38 which can identify driving forces and general guiding principles. Complementarily to such analysis, computational modelling and simulations, at the molecular scale, offer the opportunity of revealing how the details of the molecular compounds in LC-containing systems could affect macroscopic observables. Coarse-grained simulation methods have attracted interest in the investigation of LC anchoring due to relatively large time and length scales that they can probe. Zhang and co-workers 39 developed different coarse-grained models representing 5CB molecules. Using these models, Zhang and co-workers were able to obtain isotropic-nematic transitions as well as diffusion coefficients. One of their models successfully reproduced experimental results for the nematic phase of 5CB at 300 K and 1 atm. The simulated density was 1.003 g cm À3 , orientational order was calculated as 0.48, and the nematic-to-isotropic transition temperature was obtained at 305-310 K. The corresponding experimental data are 1.02 g cm À3 , 0.54, and 306.7-308 K, respectively. Although the simulated diffusion coefficients were larger than experimental values, they provided a better match than atomistic simulations. In another coarse-grained study, the structural properties of self-assembled surfactant aggregates were investigated at the LC/water interface. Depending on the LC-surfactant tail affinity, it was possible to detect 'condensed amphiphile monolayers', and, above a critical surfactant coverage, LCs' homeotropic anchoring was induced, in agreement with experiments. 24 One coarse-grained simulation method that is attracting vast interest in materials modelling and simulation is dissipative particle dynamics (DPD). 40, 41 DPD is a coarse-grained simulation technique that allows researchers to achieve longer time and larger length scales, in some cases approaching experimentallyrelevant conditions. 42,43 DPD has been extensively used for studying soft materials, such as copolymers, [43] [44] [45] nanoparticles, [46] [47] [48] surfactants, [49] [50] [51] [52] [53] and liquid crystals. 25, 54, 55 The results of these simulations are in general consistent with experiments, and sometimes explain phenomena that are hard to observe with experimental techniques alone. Al Sunaidi et al. 54 used DPD to study the phase transitions encountered by rod-like molecules, and described the conditions at which isotropic, nematic, smectic A and crystalline phases are stable. Zhang and Guo 25 studied the interactions between LCs and amphiphilic rod-coil polymers in an aqueous environment. Their parametric study showed the effect of soft potential coefficients to the anchoring of LCs. Inokuchi and Arai 55 studied LCs, water, and surfactants confined in a spherical geometry. They studied the self-assembly with respect to temperature and surfactant concentration. In all the DPD studies just summarized, the parameters that were systematically changed were either temperature or soft repulsion coefficients, and the target of the investigations was the anchoring between LCs and amphiphilic polymers.
The present study implements DPD to study cylindrical LCs formations dispersed in water, in the presence of surfactants. Because of computational limitations, the cylindrical structures considered are effectively infinitely long (see Section 2) . As a consequence, the resulting probe regions are away from the basal terminations of the LC cylinders. In most cylindrical formations studied, LCs are injected to capillary tubes with the addition of amphiphiles such as lecithin 26, 28 and N,N-dimethyl-N-octadecyl-3-aminopropyl-trimethoxysilyl chloride (DMOAP) 29 to induce homeotropic anchoring of LC molecules with tube walls. The system modelled here allows us to systematically investigate the effect of surfactant morphology on LC anchoring on a curved interface, without the presence of a tube.
Three different rod-coil amphiphiles are modelled. These amphiphiles have the same length, but they have different hydrophobic tail lengths: short, moderate, and long, respectively. The results show that varying the number of hydrophilic coils and hydrophobic rods in our simple surfactant model can largely affect LCs' anchoring. When the surfactant density at the interface is high enough, phase segregation of surfactants at the interface causes the mesogens to shift from planar to homeotropic anchoring. Such transition is short-ranged in most of the systems considered here. However, our parametric analysis showed that a small decrease in the repulsion parameter that describes surfactant tail-LC interactions is sufficient to cause changes in mesogen orientation throughout the tube, which is in general agreement with literature results obtained at flat LC-solvent interfaces.
The remainder of this manuscript is organized as follows: in Section 2 we describe the models and algorithms implemented in the study. In Section 3 we discuss representative results. In Section 4 we summarize our main observations, and we comment on their possible relevance for practical applications and future research.
Computational details

Molecular models
We implement here a model inspired by the work of Zhang and Guo. 25 These authors prepared a coarse-grained model composed of mesogens, rod-coil amphiphiles and water molecules, which is suitable for DPD simulations. The coarse-grained models are schematically shown in Fig. 1(a) . All simulations in this work are conducted in water, unless otherwise stated. Building on our prior simulations for surfactant systems, 53, 56, 57 one water bead (W) represents five water molecules. It should be noted that in the coarse-grained model implemented here, electrostatic effects and hydrogen bonds are not considered. Some of the experimental properties of bulk liquid water were considered in the original derivation of the DPD parameters. 58 We consider three amphiphiles (surfactants). Each surfactant molecule (S) is composed of 10 beads, connected to form a chain; the head-group represents the coil block and the tail-group represents the rod block of each surfactant. Hydrophilic surfactant heads are indicated as S head , whereas hydrophobic surfactant tails are identified as S tail . While all surfactants considered are composed of 10 beads, the number of beads assigned to headand tail-groups distinguishes the various surfactants. The three surfactants are characterized by: S head /S tail = 7/3, 5/5 and 3/7 as can be seen in Fig. 1(a) .
It has been reported previously that the length of the surfactant head-group does not measurably affect the overall orientation of LCs. 8 Our simulations show that the overall length of the surfactants affects the time required for achieving lateral phase separation among the surfactants adsorbed at the LC-water interface, but that the head-group length does not significantly affect LCs' orientation. To test whether this was the case even in our system, we simulated three systems with 1000 surfactant molecules, in which the surfactant S head /S tail 
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Phys. Chem. Chem. Phys., 2018, 20, 30514--30524 | 30517 beads are 3/5, 7/5 and 5/7, respectively. It was found that the surfactant models with the same tail length gave similar results, despite of differences in the head-group length, as shown in the ESI. † Therefore, throughout this paper we focus on changes in anchoring with respect to tail-length by keeping the overall surfactant length at 10 beads. The liquid crystal molecules (LCs) considered here are composed of 6 beads connected in a rod-like arrangement. A harmonic spring is defined for surfactant beads and LC beads. Bond potential E bond = k bond Â (r À r 0 ) 2 and bond bending potential E angle = k angle Â (y À y 0 ) 2 are used, where r 0 is 0.6 and y 0 is 1801. The k bond and k angle parameters are defined in two different ways: to preserve the rigidity of rod-like LCs and surfactant tails, both k bond and k angle are defined as 100k B T/r c 2 for every consecutive bead. For the surfactant head, different k bond and k angle are set: 50k B T/r c 2 and 30k B T/r c 2 , respectively. The stiffness was considered lower for the surfactant head beads to allow them with some flexibility.
Simulation details
The simulations were conducted using the dissipative particle dynamics (DPD) algorithm. 58 The LAMMPS software package was utilized. 59 All simulations are performed in the NVT ensemble. All simulations are run for 3 Â 10 6 steps, with integration time Dt defined as 0.01t. The DPD time scale was calculated by using simulated water self-diffusion coefficient D sim = 0.0123R c 2 /t, as explained elsewhere. 60 Each system was simulated for 0.447 ms, with the last 0.149 ms used for data analysis. To ensure reproducibility, each system was simulated twice, with different initial configurations. Test simulations were conducted in the NPT ensemble. For these simulations, the system with lower pressure (95% of that observed in the system containing only water, 23 ). This change in box size was considered negligible, and all subsequent simulations were conducted in the NVT ensemble. Additional details regarding the various simulated systems are reported in the ESI. † Full details of the DPD simulation methodology can be found elsewhere. 42, 50, 58 In DPD, the positions and momenta of the beads present within a simulation box are updated along a series of discrete time steps. One important feature of DPD is that the bead-bead interaction potentials are 'soft', which allows researchers to probe length and time scales that are approaching experimental ones. 42 The outcome of DPD simulations depend strongly on the parameterization, and in particular on selfrepulsion parameters (a ii ) and inter-species repulsion coefficients. To determine such parameters, we followed the protocol proposed by Groot and Warren. 58 They concluded that a ii = 75k B T/r is representative of soft interactions in an aqueous environment. Because the density chosen here is 3, a ii is defined to be 25 among same beads. Other repulsion coefficients are set as follows: a LC-S tail = a W-S head = 25 and a LC-W = a LC-S head = a W-S tail = a S head -S tail = 50.
Initial configurations of simulation boxes are prepared by simulating the system at reduced temperature 1.0k B T and with repulsion coefficient set to 25.0 between LC and surfactant tail, as schematically shown in Fig. 1(c) . The friction coefficient and the random force which are related by the equation s 2 = 2gk B T, were taken as g = 4.5 and s = 3, respectively. 58 We started with 1000 surfactant molecules (55% coverage) and then increased to 1500 (80% coverage). Surface coverage is calculated by estimating the amount of beads required to cover the surface of a cylinder with radius 10r c and length 30r c , based on similar studies in the literature. 24, 25 Mahajan and co-workers noted that LC bridges in a nematic phase act as an ordinary Newtonian liquid bridge, which might collapse above a certain length-to-diameter ratio. 61 In our simulations this collapse is prevented by using a very low ratio of length-to-diameter, by the fact that gravity is not considered, and by the fact that periodic boundary conditions effectively stabilise the bridges.
Note that in our simulations all surfactants are adsorbed at the LC-water interface. The remaining parts of the simulation box are filled with water beads.
Algorithms
The orientational order parameter (S) is a quantitative alignment tensor that characterizes the distribution of the LC molecules of a certain volume. 62 This orientational order parameter can be obtained by taking the ensemble average of the traceless second-rank tensor, Q: 63
In eqn (1), y represents the angle between the molecular axis of LC and the direction vector. When y is equal to zero, Q becomes À0.5, indicating that the LC considered is perpendicular to the direction vector; when y is one, Q becomes 1, indicating that the LC is aligned parallel to the direction vector. In this study, the direction vector is chosen as the axis of the cylinder formed by LC molecules. By definition, S = 0 represents a completely isotropic phase and S = 1 indicates a nematic phase, with perfect alignment of mesogens. 63 For a nematic bulk phase of LCs, S is defined to be 0.4 for high temperatures and 0.6 for low temperatures. 62 
Results and discussion
Bulk liquid crystals
The purpose of this work is to investigate the dependency of LC anchoring to the length of hydrophobic rods in model surfactants.
The first required step is to determine the simulation temperature at which bulk LCs undergo the isotropic-to-nematic phase transition. We conducted bulk simulations at different temperatures in the 0.1-1.0k B T range. At each temperature, we computed the order parameter (S). The results are shown in Fig. 2 . The results clearly show that in the 0.8-1.0k B T temperature range, the LCs are in an isotropic phase, as expected because of the high temperature. Under these conditions the S parameter varies within the 0.00-0.02 range.
As the simulated temperature is decreased, the results show an increase in the order parameter S in the 0.6-0.7k B T temperature range, where S becomes 0.63 and 0.53, respectively. These results indicate that the LCs are in the nematic phase under these conditions.
When the temperature is reduced further, below 0.6k B T, a solid phase is observed. The results in Fig. 2 show low values for the order parameter S (between 0.02-0.11). However, analysis of simulation snapshots indicate that the LC molecules in the bulk yield small grains that are locally aligned, but dis-aligned with respect to each other. The relative disorder between different grains yields the overall low S.
The results from the bulk simulations show that in the 0.6-0.7k B T temperature range, the LCs are in the nematic phase. We select the highest of these temperatures for our subsequent simulations, so that the LCs can show orientation order, yet the individual molecules have significant thermal energy to allow the system to escape from metastable states.
Liquid crystal bridges in water
We prepare our model for a cylindrical LC bridge immersed in water, and we conduct simulations at 0.7k B T. The goal of these simulations is to ensure that the model is suitable to replicate the experimental expectations, as well as to prepare the reference system for assessing quantitatively the effect of surfactant adsorption on LC order. One representative simulation snapshot for the LC/water system (no surfactant present) is shown in Fig. 3(a) . The simulation results show that the mesogens are aligned parallel to the cylindrical axis, exhibiting an order parameter S equal to 0.70. The LC cylinder is shown in Fig. 3(b) . In summary, our control simulations at 0.7k B T showed that (i) LC molecules exhibit nematic alignment within the mesogen cylindrical formation dispersed in water (no other chemical is present), (ii) planar anchoring is observed at the interface between the LCs and water. All subsequent simulations are conducted at 0.7k B T.
To quantify changes in the LC order within the cylinder, we arbitrarily divided the cylindrical LCs into two regions, shown with different colours in Fig. 3(c) and (d) : the 'core' region is composed of mesogens within a radius of 5r c from the centre of the cylinder; the 'shell' region comprises those mesogens found within a radius from 5 up to 12r c from the centre. Note that the outer radius changes for the various simulations because as different surfactants are introduced, the shell region can expand slightly up to 12r c .
Effect of surfactant adsorption on LC orientational order
Starting from the base case discussed in Fig. 3 , we systematically investigate the effect of surfactant adsorption on LC anchoring. A representative simulation snapshot is shown in Fig. 1(c) . Unless otherwise noted, the interaction between LC and surfactant molecules is described by a LC-S tail = 25, and the repulsion parameter is chosen identical to the self-repulsion parameter, a self = 25. The surfactants considered have different tail lengths, as shown in Fig. 1(a) . The number of S tail beads is increased from 3, 5 and 7, respectively. Note that the total number of beads per surfactant molecule is always 10, thus the number of beads in the head-groups reduces from 7, to 5, to 3, respectively, for the three surfactants simulated. The results obtained when the three surfactants are adsorbed at the LC-water interface are shown in Fig. 4 . In these simulations, the number of surfactant molecules are 1000, which yields an overall surface coverage of B55%. The surface coverage is estimated following the procedure discussed in Section 2.2.
The results shown for the surfactants with 3 beads in the tail-groups are shown in Fig. 4(a) . Visual inspection of multiple simulation snapshots (B100 per simulation run, separated from each other by 10 4 time steps) reveals that the surfactants are aligned homeotropically (perpendicularly to the interface). The surfactant tail lengths are too short to penetrate into the LCs. The overall order parameter of LCs is calculated as 0.63 AE 0.02, which is slightly lower than S found in the control simulation of Fig. 3 (a) (0.70). In the core of the LC cylinder, orange in Fig. 4(d) , LCs exhibit S B 0.64 AE 0.03, whereas in the shell region S B 0.63 AE 0.02. These results show that the addition of the surfactants with 3 beads in their tail-groups do not affect the orientation of the LCs. In addition, LC molecules are found to preserve planar anchoring.
As the number of beads in the tail-groups of the surfactants is increased from 3 to 5, the orientation of the mesogens at the shell region starts to shift from planar to homeotropic, as can be seen in Fig. 4(b and e ). Although the surfactant tails are shorter than the LC molecules, they interpenetrate the LCs and affect their orientation. Within the bridge, the overall S decreased to 0.49 AE 0.03. Analysis of the order within the cylindrical bridge, Fig. 4(e) , shows that, at the core, S equals B0.57 AE 0.05, suggesting that the LCs within a radius r c of 5 are not affected by the surfactant molecules. At the shell region, S decreases to 0.43 AE 0.03.
Similar results are observed in Fig. 4(c and f) when the surfactants have 7-bead-long tails, in which case the overall order parameter decreases to 0.38 AE 0.04. Although in this case the surfactant tail-groups are longer than the LCs, the mesogens at the core are not affected by surfactant adsorption at the surface. The results show that while at the core S remains 0.53 AE 0.05, in the shell it sharply decreases to 0.27 AE 0.04 (see Fig. 4(f) ). These data suggest that, compared to the results obtained for shorter LCs, either more LCs shift from planar to homeotropic, or the same number of LCs shift orientation, but orient in a perfectly perpendicular direction with respect to the cylindrical axis.
Analysis of the simulation snapshots reveals a perhaps unexpected observation: the surfactants adsorbed at the LC-water interface are not homogeneously distributed on the surface. Instead, they segregate. As a consequence, the LCs near the surfactants are perpendicular at the interface, while the LCs near the water beads remain parallel to the interface. Such distribution of the surfactants is attributed to the lateral phase separation of the amphiphiles at the LC-water interface. When LCs are in a nematic phase, they present elastic properties that have been shown to be able to affect the properties of interfaces, in some cases leading to new phases and phase separations. 22, 64 Our results suggest that perhaps the elastic energy stored in the LCs causes the surfactants to undergo a lateral phase separation. In addition, Moreno-Razo et al. 17 showed that packing of LC molecules at the interface is affected by nearby surface accumulation of other agents. Changes in the surfactant density at the interface are also expected to yield changes in energetically favourable sites, and as a result it is possible that LCs are packed differently due to the local surfactant concentration.
Our results, combined with those in the literature, suggest that cooperative phenomena take place at the LC-water interface in the presence of surfactants: nematic LC phases trigger the lateral phase separation of amphiphiles, while amphiphiles, at a large enough local concentration, trigger the homeotropic alignment of LC molecules near the interface.
Effect of surfactant surface density
To quantify the effect of surfactant surface density on LCs' anchoring, we conducted simulations similar to those described in Section 3.3, but we increased the number of the surfactant molecules to 1500. This yields a surface coverage of B80%. The results are summarized in Fig. 5 . As the surfactant concentration is increased compared to the simulations discussed in Section 3.3, lateral phase separation is also observed. As a result, the morphology of the cylindrical LCs appears to be slightly deformed, simply as a consequence of the uneven surfactant distribution. One similarity with the systems described above is that LC molecules located at the core are not affected by the interactions with surfactant molecules. Therefore, we concluded that, within our model, the surfactant effect on mesogen order is short-ranged, mostly driven by steric interactions.
In Fig. 5(a and d) , the results are shown for surfactants with short tail-groups (3 beads). Overall, S is found to be B0.59 AE 0.03, and it appears to be similar in the core and shell regions (0.62 AE 0.03 and 0.58 AE 0.03, respectively). These results show that the surfactants with short tails considered here do not affect the order of the mesogens even though their concentration is rather high. This observation changes when the surfactants with longer tail-groups are considered. Simulation snapshots for the LCs at contact with surfactants with tail-groups of 5 beads are shown in Fig. 5(b and e) . Visual inspection reveals that that LC orientation is affected by the surfactant. The over-all order parameter S decreases to 0.43 AE 0.04. As seen in Fig. 5(e) , while LCs at the core preserve high order with S = 0.60 AE 0.04 and LCs at the shell region show S = 0.32 AE 0.06. The effect is more pronounced when the surfactants with tail-groups of 7 beads are considered. The results are visualized in Fig. 5(c and f) . At this 80% surfactant coverage, the overall order parameter S decreases to B0.25 AE 0.03. We note that S in the shell region becomes 0.05 AE 0.03, while the order in the core region is preserved (S B 0.57 AE 0.04). The results for the order parameter, corroborated by visual inspection, show that at this surface coverage, the surfactants with tail-groups of 7 beads cause almost all LC molecules in the shell region to assume homeotropic alignment.
Effect of LC-surfactant interactions
As discussed above, the simulation results obtained here, as well as the results in the literature, suggest that there is a cooperative effect between surfactants and LC molecules, which determines both the distribution of the surfactants on the LC bridge and the anchoring of the mesogens. Because it is possible that the lateral phase separation between surfactant aggregates affect LC anchoring, we conducted a parametric study in which we reduce the repulsion between mesogens and surfactant tails. The correspondent repulsion parameter is decreased to a LC-S tail = 20. This decrease in repulsion, to a value lower than the self-repulsion parameter, 25, could be representative of coarse-grained models used to describe the self-assembly of ionic LCs and their interactions with ionic surfactants. 65, 66 Although coulombic interactions are not taken into consideration explicitly in our simulations, the effective attraction between surfactant tails and LCs is meant to reproduce, qualitatively, the combined effect of multiple interactions. Once a LC-S tail = 20, it is expected that the surface segregation evident from the snapshots shown in Fig. 4 and 5 is weakened. For this study we only consider systems with 1000 surfactants. The results are summarized in Fig. 6 . For all surfactants considered, the results show a homogeneous distribution on the LCs. The simulation snapshots also reveal that once the repulsion between LCs and surfactant tail-groups has been reduced, the change in the mesogen order becomes longer ranged. In fact, the LCs at the core shift their orientation, which becomes isotropic. We now discuss the results for each of the three architectures considered for the surfactants.
In Fig. 6(a and d) , the results are shown for the surfactants with tail-groups of 3 beads. The overall order parameter S is found to be BÀ0.03 AE 0.03. This negative second order tensor (Q) indicates that the mesogen molecules are oriented almost perpendicularly with respect to cylindrical axis, as explained in eqn (1) . The mesogens within the core yield S B À0.06 AE 0.04, while those in the shell S B 0.00 AE 0.03.
We observed a similar trend for the surfactants with 5 beads in their tail-groups ( Fig. 6(b and e) ): overall S is À0.14 AE 0.02.
Orientational order in Fig. 6 (b) has a slightly lower value than in Fig. 6(a) , due to relatively longer surfactant tail-groups. For this surfactant, the results show that the order for the mesogens in the core (S B À0.12 AE 0.04) is similar to that for the mesogens in the shell (S B À0.16 AE 0.01), which suggests that the range of interaction between the surfactants adsorbed on the LC bridge and the mesogens is large enough to affect equally all mesogens within the cylinder.
The results obtained for the surfactants with 7 beads in their tail-groups are shown in Fig. 6(c and f) . The results show that, in addition to affecting the order of the mesogens, the surfactants also affect the shape of the cylindrical droplet. The overall, core and shell order parameters are BÀ0.18 AE 0.03, 0.04 AE 0.05, and À0.31 AE 0.02, respectively. Due to the length and rigidity of surfactant tail-groups, and because the surfactants cause homeotropic order for the LCs, the original cylinder is deformed into a triangular prism by the adsorption of the surfactants. Presumably, the deformation prevented us from observing longrange interactions between surfactants and LCs at the inner region of the cylinder.
Parametric studies such as those discussed in Fig. 6 could be extended to consider various surfactant-LC interactions, and also the effect of branching in the surfactant molecule. While this is beyond the scope of the present manuscript, we point out that previous studies show that branching affects the orientation of LC molecules. 8,9
Orientation of LCs with respect to surfactant density and radius
To further quantify the mesogens order as a function of surfactant architecture and density, we analysed the second-rank tensor of each mesogen within the LC bridge. The results are shown in Fig. 7 , where we distinguish LCs based on their orientations: mesogens with an order parameter S in the range of À0.5 to 0.0 are defined 'homeotropically aligned'; 0.5-1.0 as 'in planar alignment'; 0.0-0.5 as 'tilted'. When there is no surfactant in the system, the S distribution is shown as black bars. In this system, 5% of the mesogens are homeotropically aligned; 17% are tilted; the vast majority, 78%, are 'in planar alignment'. When 1000 surfactants are present, the results ( Fig. 7(a) ) are shown in red, blue, and green bars for surfactants with 3, 5, and 7 beads in their tail-groups, respectively. As the tail length increases, the amount of mesogens in planar alignment decreases (69%, 58% and 49%, respectively), that of homeotropically aligned LCs increases (10%, 21% and 29%), and that of 'tilted' LCs remains approximately constant B20-22%. These results show that as the surfactant tail length increases, anchoring becomes more and more homeotropic. Two reasons explain why many LCs preserve their planar orientation: (a) the LCs in the core region are not affected by surfactants, as explained above; (b) only 55% of the surface is covered by surfactants, with the LCs in the remaining surface maintaining planar anchoring.
When 1500 surfactants are present ( Fig. 7(b) ), the results are similar. As the tail length increases, the amount of mesogens in planar alignment decreases (65%, 54% and 42%, respectively), that of mesogens homeotropically aligned increases (12%, 25% and 40%, respectively), and that of tilted LCs decreases (23%, 21% and 18%, respectively). Our results are qualitatively consistent with the experimental results, which show that when surfactants with short alkyl chain lengths are introduced, LC molecules remain anchored parallel to the interface until the surfactant concentration is so large that the mesogens are dispersed by the surfactants. 8 In addition, our simulation results suggest that when the surfactants have a sufficiently long tail-group, they can promote homeotropic anchoring of the mesogens, and that the effect increases with the surfactant density at the LC-water interface.
The results obtained when the LC-tail repulsion is decreased (a LC-S tail = 20) and 1000 surfactants are on the surface, are shown in Fig. 7(c) . As the tail length increases the amount of mesogens in planar alignment decreases (16%, 12% and 12%, respectively), that of mesogens homeotropically aligned increases (65%, 75% and 77%, respectively), and that of tilted LCs decreases (19%, 13% and 11%). These results show that when the repulsion between LCs and surfactant tails is decreased below the selfrepulsion parameter, LCs align with the surfactant molecules, which strongly increases the amount of mesogens with homeotropic anchoring.
Lastly, we provide structural information regarding the LC bridges. We display the order parameter S as a function of the distance from the cylindrical diameter centre, coupled with the radial density profiles obtained for the surfactant tail-groups in Fig. 8 . To calculate the density of the tail-groups we consider each bead in the surfactant tail-group. In Fig. 8(a) , we display the result relative to those discussed in Fig. 4 . The results show that LCs possess planar orientation at r r 5r c . At larger distances, surfactants interact with LC molecules, and S decreases. In general, the results in Fig. 8 (a) corroborate two findings: (i) short tails do not affect the LC orientation at any part of the cylinder; and (ii) as surfactant tail length increases, LCs at the outer surface align homeotropically. The latter observation is due to the physical interaction between surfactant tail-groups and LCs molecules, as suggested by the density profiles of the surfactant tail-groups.
Results relative to those discussed in Fig. 5 are shown in Fig. 8(b) . The results corroborate our previous comments, according to which increasing the density of the surfactants is effective in changing LCs' anchoring only for those surfactants with long tails. It should be pointed out that the results shown in Fig. 8(a) and (b) are consistent with the experimental observations reported by Williams et al., who found that for LCs confined in a cylindrical geometry it is possible that the minimum energy configuration corresponds to homeotropic anchoring coupled with LCs oriented parallel to the cylinder axis near the centre of the cylinder. 32 Results relative to those discussed in Fig. 6 are shown in Fig. 8(c) . The results clearly show the penetration of the change into mesogen orientation due to the surfactants from the interface towards their centre. The results show that the LC order in the core region is isotropic for all surfactants considered, highlighting the importance of LC-surfactant tail interactions in controlling the behaviour of the mesogens. 
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Conclusions
Control of mesogen orientation is fundamental for further developing optical devices and sensors, among other applications that involve liquid crystals (LCs). LC anchoring could be affected by surfactant adsorption. We investigated anchoring between LC molecules within a cylindrical bridge. In our computational model, the LC bridge is effectively infinitely long, and our study focused on the lateral surface, not on the bases of the cylinder. In particular, the effect of surfactant adsorption on LCs' anchoring was quantified, simulating surfactants of three different morphologies. Three rod-coil diblock amphiphiles were modelled, which have short, moderate, and long surfactant tails, respectively. We investigated systems in which 55% of the surface is covered by surfactants. It was found that short surfactant tails do not significantly affect the anchoring of LC molecules. On the other hand, surfactants with long tails affect LCs' orientation, but only at a short range, in agreement with experiments. When the surface coverage was increased from 55% to B80%, surfactants with long tail-groups had a more pronounced effect on the number of LC molecules that changed their anchoring from planar to homeotropic. If the surfactant tail length is short, increasing surfactant density at the LC-water interface did not affect LCs' anchoring. For all surfactants at moderate surface density, a lateral phase separation was observed for the surfactants at the LC-water interface, which causes effects on LCs' anchoring to be non-uniform across the interface. Parametric investigations such as those considered here can be conducted to quantify the effect of many parameters that could affect LCs' anchoring, including surfactant tail-group branching, ionic strength, etc. For example, it was discussed here how decreasing the soft repulsion between surfactant tailgroups and LCs prevented lateral phase separation from occurring and strongly affected LCs' anchoring. It is seen that, within the conditions considered here, regardless of the interaction parameters chosen to describe surfactant tail-LC interactions, surfactants with longer tails were the most effective in promoting homeotropic anchoring at the LC-water interface.
Consistent with both expectations from continuum theories and experimental observations, the simulation results presented here quantify the effect of changes in surfactant morphology on the orientation of LC molecules. The results could guide the selection of promising surfactants for future studies on controlling homeotropic LC anchoring within a capillary bridge.
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